A novel shear thickening magnetorheological (STMR) damper with both speed locking and semiactive controlling properties was designed and fabricated based on multifunctional smart composite materials which was defined as magnetorheological Silly Putty (MRSP). e rate sensitive property and magnetorheological effect of MRSP samples were analyzed by using a rheometer to select the best filler for the STMR damper. e mechanical properties of the STMR damper were investigated through slow, fast, and dynamic experiments. e experimental results indicate that the STMR damper exhibits an obvious rate sensitive characteristic and semiactive control property. On one hand, when the STMR damper is simulated fast enough, it can realize the "speed switch" function, which enables it to instantly lock up and act as a shock transmission unit (STU). On the other hand, when the STMR damper is applied with current, the damping force can be adjusted by magnetic field strength to realize its semiactive controlling property. In addition, a multiparameter and symmetry model was established to describe the dynamic hysteretic behavior of the STMR damper, which is consistent with the experimental data.
Introduction
Magnetorheological Silly Putty (MRSP) is a smart multifunctional composite prepared by dispersing soft magnetic particles into a Silly Putty matrix with shear stiffening property [1] . is new kind of smart material is the solid state of the magnetorheological shear thickening fluid (MRSTF) proposed by Zhang et al. and Peng et al. [2, 3] . Subsequently, Wang et al. [4, 5] first developed a magnetically responsive shear-stiffening gel with excellent shear stiffening performance and magnetorheological effect. is novel magnetically responsive shear-stiffening gel can provide credible tunability with external stimuli.
At this stage, the vibration damper based on a single magnetorheological material requires an external magnetic field, which belongs to the active device. Magnetorheological materials are widely used in all kinds of MR dampers, and the technology is relatively mature. Lord Company of USA and BASF Company of Germany have developed many commercialized MR dampers. For example, the RD-1005-type MR damper produced by Lord Company is the earliest application of the international commercialized MR damper with damping force over 2200 N [6] . MR dampers designed for large civil engineering structures show greater structure size and damping force output. Qu et al. developed a full-scale MR damper output of up to 500 kN, carried out a study on the key technologies of the leakproof design of the magnetic field and builtin butterfly spring, and finally applied the full size MR damper to a highway railway cable-stayed bridge with semiactive vibration control [7] [8] [9] [10] . Yu et al. developed the self-decoupled magnetorheological (SDMR) damper, which produced the largest output of 360 kN. e displacement decoupling mechanism was set up in the damper, and permanent magnets were arranged to provide the function of self-protection. e SDMR damper was mainly applied to the semiactive vibration control of frame and grid structures [11] [12] [13] [14] . e single shear thickening material is used as energy dissipation fillers for small passive ST dampers. Zhang et al. developed a speed-driven damper based on the shear thickening fluid and studied the dynamic performance of the ST damper through both experiment and theory methods [15] . ese results confirm that the STdamper presents higher stiffness and damping at high-speed dynamic loading than those at low-speed loading and absorbs more energy. Zhou et al. developed a double-out rod-type ST damper filled by shear thickening fluid of a high-concentration polystyreneethyl acrylate nanometer particle suspension. e dynamical experiment results reveal that with the increase in excitation frequency, the storage modulus and energy dissipation modulus rapidly increase, and the output of the ST damper dramatically boosts, exhibiting great absorption and energy dissipation capacity; the maximum energy dissipation modulus reached up to 21 kPa [16] . e most common application of shear thickening materials in civil engineering structures is the shock transmission unit (STU), which is a device resembling a speed switch. It is basically approximating to a general damper in appearance and internal structure, which is composed of a piston and cylinder and regarded as a special damper. Silly Putty has become a promising material for the special damper of STU, which is widely used in the multispan bridge [17] .
e MR damper is the most mature energy dissipation device in the field of magnetorheological vibration damping. From the point of energy, the principle of the work is to change the energy spectrum of the vibration source's excitation to the system and reduce the passed energy to suppress the vibration. However, in the face of huge incentive loads, the vibration damping, which the MR damper depends on, does not slow down the deformation or even destruction of civil engineering structures due to insufficient stiffness; besides, the mechanism of damping is relatively simple. In addition, these MR dampers all belong to active devices, which means that in the event of a circuit failure that cannot be controlled by a magnetic field, the damper loses the significance of the semiactive vibration control. e current solutions include setting a permanent magnet to make the magnetorheological fluid in the MR damper produce certain yield strength, but the scheme makes the design of the damper more complex. Furthermore, commonly used permanent magnets are made of NdFeB material with strong temperature instability, meaning that the higher the temperature, the faster the demagnetization. e shear thickening material is mainly used in caging devices, including all kinds of speed locking devices, in order to improve the overall stiffness of the structure and achieve the purpose of seismic resistance and vibration reduction. At the moment, researchers of the world only focus on the study of the mechanisms of magnetorheological damping and shear thickening damping respectively, and there is no intersection between each other. However, there are no relevant studies that combine the characteristics of two kinds of intelligent materials as a whole to explore new intelligent dampers with double vibration damping mechanisms.
In this work, a novel shear thickening magnetorheological (STMR) damper was designed and fabricated based on MRSPs. Compared with traditional MR dampers, the STMR damper not only exhibited controllable characteristics of damping force under the adjustment of the magnetic field but also provided a "locking" function under an unexpected sudden rare load, which was more suitable for the vibration control of large civil engineering structures. In order to verify the dual vibration damping characteristics of the STMR damper, slow, fast, and dynamic mechanical property experiments were carried out. Finally, a multiparameter and symmetry model was established and deduced to describe the dynamic hysteretic behavior of the STMR damper.
Experimental Section of MRSPs

Materials.
e Dow Corning 3179 dilatant compound, which was purchased from Dow Corning Co., Ltd., was used as the Silly Putty matrix. e composition of the Silly Putty matrix is outlined in Table 1 . Polydimethylsiloxane (PDMS) as a commonly used organic silicon material is the major constituent of the composition. e soft magnetic particles of the carbonyl iron (CI) with an average size of 3.5 μm were purchased from Jiangsu Tianyi Ultra-fine metal powder Co. Ltd. (Xuyi, China).
Preparation and Testing of MRSPs.
e dilatant compound as matrix and the different volume fractions of CI as fillers were homogeneously mixed using a two-roll mill (Nantong Hailite Rubber Machinery Inc., China, XK-160 model) at room temperature. For the mechanical mixing method, up to six different volume fractions were considered for the present study: 0, 6.98, 10.11, 15.84, 20 .80, and 27.29%.
e prepared samples were marked as MRSP 0, MRSP 1, MRSP 2, MRSP 3, MRSP 4, and MRSP 5, in sequence. In this work, the dynamic rheological properties of the MRSP samples were carried out using a commercial rheometer (Physica MCR 302, Anton Paar Co., Austria). During the testing procedure, a parallel plate PP20 with a diameter of approximately 20 mm was used, and a gap of 1 mm was maintained at all times. At the same time, a controllable magnetic field was generated by an external coil. Besides, all the samples for the experiment were maintained at an approximately same volume value. e MRSP sample and MCR 302 rheometer are displayed in Figure 1 .
Experimental Section of the STMR Damper
Designing of STMR Damper.
e structure of the STMR damper is shown in Figure 2 , with its appearance approximating to a traditional MR damper, mainly consisting of the main cylinder tube, accessory cylinder tube, auxiliary cylinder, main piston, accessory piston, and piston rod. e filling material in the main cylinder exhibits high-MR effect, while the inner filling material of the auxiliary cylinder presents a higher shear stiffening effect to improve the overall safety reserve. So, both the main cylinder and auxiliary cylinder are combined together into a cooperative cylinder. e main piston and auxiliary piston are arranged on the piston rod, the main piston and piston rod are connected with the method of a rigid threaded connection, and two circular excitation coils are detoured in two opposite directions on the main piston. Each of the two excitation coils connects one wire to the external power supply through the traverse channel, and the power mode is in the paralleling way. e accessory piston is connected with the piston rod through the butterfly spring and allows it to move along the piston rod within the maximum compression amount of the spring, in order to realize the decoupling function. e filling materials in the main and auxiliary cylinders generate flow and deformation in their own working gaps.
e STMR damper mainly consists of the main cylinder controlled by magnetorheology and the accessory cylinder with displacement decoupling characteristic.
is novel damper not only maintains the performance of an adjustable damping force by magnetic field, but also possesses obvious rate sensitive characteristic which provides the function of locking structure to disperse loading under high frequency or impaction. e basic structural parameters of the STMR damper are listed in Table 2 .
Testing of the STMR Damper.
e physical object of the STMR damper is displayed in Figure 3 . e energy dissipation of the STMR damper is mainly triggered by the flow and deformation of the filling materials. e rate sensitive characteristic and magnetorheological effect of MRSPs are the internal reasons for the damper to adapt to environmental incentives and directional intelligent controllability. In order to verify the rate sensitivity and magnetic control characteristics of the STMR damper, the mechanical properties were investigated by the SDS-300 electrohydraulic servostatic and dynamic testing machine. e main contents of the testing included the following: (1) the influence of different rates on the mechanical properties of the damper under slow and fast axial tension conditions; (2) the influence of different frequencies and different current excitations on the dynamic hysteretic properties of the damper under large and small displacements. e installation of the testing machine for the STMR damper is displayed in Figure 4 . In the testing procedure, a current excitation with an adjustable DCregulated power supply was adopted, and the maximum input current was 3 A. In each experiment, the piston carried on the reciprocating movement from the balance position, which was mainly located in the middle position between the main and accessory cylinder tubes. In the damper structure diagram, the limit stroke of the piston was 65 mm, and in the present experiment of dynamic mechanical properties, the amplitude of the large displacement was 55 mm.
Results and Discussion
Rate Sensitive Characteristic of MRSPs.
In the earlier research, when there was no external magnetic field applied, the soft magnetic particles of CI were evenly dispersed in the Silly Putty matrix to form isotropic viscoelastic materials [1] . From this point, the CI powder was considered as a general particle filling, which played a role in strengthening the matrix material. e larger the volume fraction of the CI particle is, the greater the shear storage modulus of the sample becomes, which is in consistent with the Advances in Materials Science and Engineeringempirical formula (1) .
is formula explains the rule of shear modulus varying with the volume fraction of rigid particles randomly lled in the rubber matrix [18] . e addition of rigid particles leads to the decrease in internal motion space within the matrix, which further promotes the interaction between the molecular chains. Simultaneously, more obvious obstacles are encountered in solving the entanglement of the molecular chains, which shows the escalation in shear storage modulus on a macroscopic point of view [5] :
where G ran refers to the shear modulus of composites lled with rigid particle composites, G 0 is the shear modulus of the matrix material without the filling of rigid particles, and ϕ means the volume fraction of rigid particles.
Besides, from the earlier research, in order to compare the shear stiffening degree of the MRSP samples, the absolute shear stiffening effect (ASTe) and relative shear stiffening effect (RSTe) are defined as the index of measurement [1] , as shown specifically in the following formula:
where G ′ max stands for the maximum shear storage modulus excited by the loading frequency and G ′ min refers to the initial shear storage modulus. When the angular frequency increases, the MRSP samples exhibit an obvious rate sensitive characteristic and a sharply increased storage modulus, together with the demonstration that the sample "hardens." Furthermore, the higher the content of the CI powder is, the more beneficial it is to the absolute shear stiffening effect of the material. In earlier research [1] , for the MRSP 5 sample, under normal temperatures, the absolute modulus change is 0.6145 MPa, which equals to approximately twice the pure shear stiffening matrix MRSP 0, while the relative shear stiffening effect is 1412.64%, which is far less than 77584.21% of the pure shear stiffening matrix MRSP 0. However, under the condition of an external magnetic field, the soft magnetic particles of the CI powder were arranged into chain-like ordered structures along the direction of the magnetic flux line in the interior of the shear stiffening matrix, forming the anisotropic structure.
e pure shear stiffening matrix MRSP 0 sample was not influenced by the magnetic field due to the absence of soft magnetic particle fillings. Figure 5 illustrates the relationship between shear storage modulus of the MRSP samples with different contents of soft magnetic particles and the angular frequencies separately under different external magnetic fields, in which the angular frequency is 1-100 rad/s with continuous change. It is observed from the diagram that with the strength of the exerted magnetic field enhancing, the shear storage modulus of the sample increases as well. For the MRSP 5 sample, the maximum storage modulus after shear stiffening is approximately 0.5 MPa under the condition of zero magnetic field. Nonetheless, under the constant magnetic flux density of 0.627 T, the maximum storage modulus after shear stiffening is up to 2.3 MPa, and the magneto-induced modulus caused by the magnetic field equals to approximately 1.8 MPa. For the transverse comparison between different samples, when the content of the CI powder rises up, the storage modulus at the same magnetic flux density keeps an upward tendency.
e maximum storage modulus of the MRSP 1 sample under a magnetic flux density of 0.627 T is 0.6 MPa, while the particle mass fraction of MRSP 5 reaches twice as much as that of MRSP 1, but the maximum modulus equals to approximately four times as that of MRSP 1. On one hand, no matter how the soft magnetic particles are randomly filled or arranged in the matrix with a certain ordered structure, under the situation that the content of soft magnetic particles grows up, the reinforcement effect of the material increases. On the other hand, previous studies expose that the higher the volume fraction of particles, the denser the chain-like ordered structures form under the same magnetic field condition, which leads to the increasing of the magneto-induced modulus.
Similarly, the ASTe and RSTe indexes are implemented to illustrate the influence of magnetic flux density on the shear stiffening effect of the MRSP samples, and the relevant parameters are listed in Table 3 . It is perceived that for samples with low content of soft magnetic particles, such as MRSP 1 and MRSP 2, the magnetic flux density is conducive to the promotion of the shear stiffening effect of the MRSP samples. e greater the magnetic flux density is, the more superior the value of the ASTe becomes. For samples with volume fraction of soft magnetic particle up to 15%, such as MRSP 3, MRSP 4, and MRSP 5, the influence of magnetic flux density on absolute shear stiffening effect is relatively complex. With the increase of magnetic flux density, ASTe presents a tendency of falling down after ascending first, which demonstrates that only under weak magnetic field conditions (no more than 0.1 T), it becomes conducive to the absolute shear stiffening effect of high particle content samples. Besides, with the increase of magnetic flux density, the initial shear storage modulus of the samples significantly intensifies, while the relative shear stiffening effect of samples declines, and the RSTe value decreases. However, for the transverse comparison between different samples, under the zero magnetic field conditions, the higher the particle content of the sample becomes, the greater the absolute shear stiffening effect it achieves, which is in line with the previous description. As the intensity of the magnetic field increases for the samples with the higher particle content, the ASTe value becomes smaller. When the magnetic flux density is 0.627 T, the change in the absolute modulus of MRSP 2 is 0.729 MPa. Nevertheless, with the increase of particle content, the ASTe value of the sample subsequently declines, and in addition, the absolute modulus of MRSP 5 drops to only 0.22 MPa. Under zero magnetic field condition, the filling of soft magnetic particles plays a certain positive role in the absolute modulus change in the MRSP samples. As the magnetic flux density increases, the ordered structure of the soft magnetic particles in the interior of the matrix becomes more complex.
e larger the volume fraction is, the closer the connections become between particles and particles and between chain and chain, thereby providing partial support for the macroscopic shear modulus. However, the movement of the matrix molecular chains is greatly hindered due to the decrease of internal motion space within the matrix. From the viscoelastic aspect, it is not beneficial to the relaxation and rebalance process of the high molecular polymer, which leads to the reduction of the absolute shear stiffening effect of the samples. erefore, for the MRSP samples with a high content of soft magnetic particles, in order to give full play to the characteristic of shear stiffening, the external magnetic field in its working environment should not be too large.
Magnetorheological Effect of MRSPs.
Under a continuously changing magnetic field, the soft magnetic particles are rapidly magnetized into dipoles and are arranged into chainlike ordered structures within the interior of the matrix until the magnetic saturation is achieved. Macroscopically, the continuous variation of the shear modulus of the MRSPs eventually reaches a steady state of saturation. e magnetorheological effect determines the directional controllable performance of the MRSPs, which is usually measured by the change of modulus. Currently, the research results indicated that the lower the loading frequency was, the higher the magnetorheological effect became, and the more the conducive it was to the adjustment of the magnetic field. However, the loading frequency was higher, the matrix modulus of MRSP became larger, the chain-like resistance of soft magnetic particles in the interior of the matrix became greater, and the magnetorheological effect tended to be lower [1] . Figure 6 reveals the varied relationship between the shear storage modulus and magnetic flux density of different samples under the conditions of different shear strain, low load frequency (ω �1 rad/s), and magnetic flux density continuous changing from 0 to 0.894 T. Correspondingly, the larger the shear strain is, the smaller the storage modulus of the sample becomes. As the magnetic flux density enhances, the shear storage modulus rapidly increases before 0.4 T and gradually tends to magnetic saturation after 0.4 T. Likewise, the absolute magnetorheological effect (AMRe) and relative magnetorheological effect (RMRe) are adopted as the indexes for the performance of magnetic field adjustment, as shown in the following equation:
where G ′ max means the maximum shear storage modulus when reaching magnetic saturation, while G ′ min is the initial shear storage modulus under zero magnetic field. e correlated results of all the curves in Figure 6 , which are calculated according to (3) , are listed in Table 4 .
For the transverse comparison of the samples with different contents of soft magnetic particles, the larger the volume fraction of soft magnetic particles is, the greater the magneto-induced modulus becomes, and the more obvious the absolute magnetorheological effect tends to be. For MRSP 5 with the highest particle content, the magnetoinduced modulus is up to 1.5 MPa at the strain of 0.5%. e relative magnetorheological effect is mainly determined by the initial shear storage modulus, from which it can be observed that, for loading conditions at small strains of 0.5% and 1%, the relative magnetorheological effect produced by the same sample varies with no obvious difference from each other. is is for the reason that within the strain of 1%, each group of MRSP sample is in the linear viscoelastic region, which displays no obvious difference of initial modulus. However, when the strain continues to climb up to 5% and 10%, respectively, the initial modulus sharply decreases outside the linear viscoelastic region, and in turn, the magnetorheological effect becomes quite different. Besides, the relative magnetorheological effect with strain of 10% is higher than that with the strain of 5%. With the increase in the content of CI powder, the relative magnetorheological effect tends to enhance. When the strain is 0.5%, the relative magnetorheological effect of MRSP 5 reaches 352% at most; nevertheless, if the shear strain increases to 10%, the relative magnetorheological effect of MRSP 4 reaches as high as 617%, and the adjustable range of the magnetic field is relatively wide. Consequently, it is beneficial to obtain great magnetorheological effect when the volume fraction of the soft magnetic particle is high.
Slow and Fast Mechanical Properties of the STMR
Damper. By comparing the rate sensitive characteristic and magnetorheological effect of each MRSP samples, the MRSP 5 sample with high magnetorheological effect was finally selected as the filling material in the main cylinder tube of the STMR damper. Since there was no soft magnetic particles filled in MRSP 0 sample, due to its higher relative shear stiffening effect, it was regarded as the filling materials for the accessory cylinder tube of the STMR damper. For the STMR damper with the locking function, when the relative speed rate of the piston to the cylinder is slower than 1 mm/s, it is considered as a slow testing, but when the speed rate is greater than 1 mm/s, it is regarded as a fast testing. Firstly, in order to meet the requirements of the slow testing, the control rates were set constantly as 0.033 mm/s, 0.083 mm/s, 0.166 mm/s, 0.33 mm/s, 0.66 mm/s, and 0.83 mm/s, respectively. Figure 7 is the force-displacement curve of the STMR damper when the control rate is 0.033 mm/s, from which it is clear that the whole region is approximately divided into three parts: elastic region, viscoelastic region, and viscous region. e forcedisplacement curve displays a linear relationship in the elastic region, a nonlinear relationship in the viscoelastic region, and gradually reaches stability in the viscous region, which tends to a certain value. According to the forcedisplacement curve of the elastic region and Hooke's law, the elastic stiffness K of the STMR damper at different tensile rates is calculated. Figure 8 shows the relationship between the elastic stiffness of the STMR damper and the control rate, from which it is detected that the greater the control rate is, the greater the elastic sti ness of the STMR damper becomes. When the set control rate equals to 0.033 mm/s, elastic sti ness tends to be less than 30 kN/mm; however, when the control rate is up to 0.83 mm/s, the elastic sti ness exceeds 65 kN/mm, which is twice as much as that of the former. Accordingly, it proves that under the condition of a slow testing, the STMR damper exhibits a certain rate sensitive characteristic. e fast testing displays that the STMR damper can be instantaneously locked at a certain rate to transfer the designed load. According to AASHTO, when a fast testing is carried out, the locking distance should be within 12 mm [19] . Figure 9 shows the force-displacement curves with a constant control rate of 6 mm/s, 8 mm/s and 10 mm/s, respectively. It is observed that when the force is loaded from 0 to 300 kN, the locking distances under the three control rates are all less than 12 mm, which is in full compliance with the provisions of AASHTO. Nevertheless, when the control rate increases, the lock distance and locking time tend to shorten. e locking distance under the control rate of 10 mm/s is approximately 8 mm, and the locking time is only 0.8 s, which achieves instant locking, while on the other hand, the lock times of the other two groups under the control rates are both more than one second.
erefore, combined with these experimental results, the developed STMR damper accomplishes the locking function within a short time and distance, which reveals that the STMR damper can be simpli ed as a "rate switch" with a locking rate of 10 mm/s, meaning that instant locking happens when this rate is exceeded.
Dynamic Mechanical Properties of the STMR Damper.
When the amplitude is within the range of the maximum compression of the butter y spring, only the main piston of the STMR damper works. When the amplitude exceeds the maximum compression of the butter y spring, the main and accessory pistons work together, resulting in a greater output of damping force. Since the interior of the STMR damper is lled by MRSPs with the rate sensitive characteristic, it is necessary to con rm the dynamic rate sensitive performance. So, the excitation frequency of 0.1 Hz, 0.5 Hz, 1.0 Hz, 1.5 Hz, and 2.5 Hz were, respectively, applied under a displacement of 5 mm. e experimental results are displayed in Figure 10 . From the experimental curve, it is sensed that under the condition of small displacement, within a frequency range of 0.1 Hz-2.5 Hz, the damping force changes from 60.3 to 269.5 kN. e higher the excitation frequency is, the greater the shear rate of materials in the interior of the damper comes to be, the larger the damping force becomes, and the more apparent the rate sensitive characteristic turns out to be. Besides, the ratio between the maximum and minimum damping force is 4.5, showing that when the excitation frequency is more than 1.5 Hz, the damping force gradually tends to saturation, and the change range is limited, which is consistent with the rate sensitive performance of the MRSP samples. When the excitation frequency enhances, the envelope area of the damping force-displacement curve inclines to enlarge, indicating that the energy dissipation capacity of the STMR damper becomes stronger, and the frequency directly a ects the energy dissipation capacity of the STMR damper.
e force of the butter y spring is superimposed on the STMR damper, which leads to the slant of the hysteresis curve.
In order to validate the adjustable characteristic of the mechanical properties for the STMR damper under the e ect of the magnetic eld, the dynamic mechanical properties were investigated under di erent currents, during which the same displacement control was adopted, and each working condition was circulated for 10 times. e testing conditions were as follows: the displacement was 5 mm, the frequencies were 0.1 Hz, 0.5 Hz, 1.0 Hz, and 1.5 Hz, and a current of 0 A, 1 A, 2 A, and 3 A was applied in each case, respectively. When the displacement was 55 mm and the frequency was 0.1 Hz, a current of 0 A, 1 A, 2 A, and 3 A was similarly applied; nevertheless, when the input current increased in sequence, the magnetic ux density in the working gap of the STMR damper also enhanced and the damping force of the damper also correspondingly magni ed as well. Figure 11 presents the experimental results under the above testing conditions, showing from the damping force-displacement curves that whether it is under the condition of small displacement or large displacement, and the STMR damper exhibits certain mechanical property of magnetic eld controllability.
As shown in Figure 11 , frequency is an important factor that a ects the adjustable range of the damping force of the STMR damper under a small displacement of 5 mm. In Figure 11 (a), the excitation frequency is 0.1 Hz, presenting that when the input current changes from 0 to 3 A, the variation range of the damping force is 60.3-189.3 kN, and the ratio between the maximum and minimum damping force is approximately 3.1. In Figures 11(b)-11(d) , the excitation frequencies are 0.5 Hz, 1.0 Hz, and 1.5 Hz, respectively, revealing the fact that when the current changes from 0 to 3 A, the ratio between the maximum and minimum damping force becomes 2.0, 1.4, and 1.2, respectively. Accordingly, the increase of frequency directly a ects the adjustable range of the damper under the excitation of the magnetic eld, which demonstrates that the higher the frequency is, the narrower the adjustable range turns out to be.
is is for the reason that the high excitation frequency makes the lling materials to sti en, and the soft magnetic particles in the magnetic eld are chain blocked, which is not advantageous to stimulate the magnetorheological e ect, and thereby makes the adjustable range of the damper under magnetic eld narrow down. In Figure 11 (e), under the condition of a displacement of 55 mm with low frequency and large displacement, the damper presents the obvious characteristic of magnetic eld controllability. When the input current changes from 0 to 3 A, the variation range of the damping force is 212.8-272.1 kN, and the ratio between the maximum and minimum damping force is approximately 1.3. When the damper is under the condition of large displacement, since the butter y spring works together with the main and accessory cylinder tubes after the compression limit, the hysteresis curve displays a certain sag in the positive and negative strokes.
In the structural vibration control, as the external excitation frequency is not enough to make the STMR damper induce the speed locking, it is given full play to the adjustment ability of the damper in the magnetic eld, which indicates that the STMR damper can be simpli ed to a larger traditional MR damper.
Dynamic Hysteretic Mechanical Model for the STMR Damper.
e dynamic damping force of the STMR damper can be decomposed into a superposition of three components of force: the rst component of force refers to applied force f mr , which is produced by the magnetorheological effect of the material, which is related to the current or exerted magnetic field strength; the second component of force f pm stands for the applied force to describe the characterization of polymer properties, which is connected with external excitation rate or strain rate; as for f bs , it means the additional force of the butterfly spring, which satisfies with Hooke's Law.
e first component of force f mr can be expressed as
where k ′ 1 and c ′ are the stiffness and damping coefficients depending on the magnetic field strength, respectively; u and _ u stand for the displacement and speed rate; f p is the hysteretic subitem, which is controlled by the following Bouc-Wen differential equation:
where α, β, c, and n are all the parameters to control the shape of the hysteretic curve. e second component of force f pm refers to the material viscoelasticity or nonlinear stiffness characteristic, which can be expressed as
where k ″ 1 , k ″ 3 , and c ″ are the stiffness and damping coefficients depending on the speed rate or the strain rate, respectively. e third component of force f bs means the additional force of the butterfly spring, when under the situation that the excitation amplitude is less than the maximum compression of the butterfly spring; according to Hooke's law, it is expressed as
where k bs stands for the stiffness of the butterfly spring. Based on (4), (6) , and (7), the damping force of the STMR damper can be expressed as
where
and λ represents the proportional coefficient between the hysteretic and nonhysteretic force. All the stiffness and damping coefficients depend on the strain rate and magnetic field density. For the dynamic mechanical properties of the STMR damper, it can be considered that the shear storage modulus of the MRSPs contributes to the stiffness part of the device structure, whereas the damping characteristic of the material contributes to the damping part of the device structure. Consequently, in (8) , the stiffness coefficients k 1 and k 3 , damping coefficient c, and ratio coefficient λ can be rewritten into functions of magnetic field and speed rate as below, respectively. Furthermore, related studies revealed that stiffness and damping are almost linearly dependent on the external magnetic field and strain rate [20] :
where k 10 , k 11 , k 12 , k 30 , k 31 , c 0 , c 1 , λ 0 , and λ 1 are approximated as the linear equation of the external magnetic field H e . e displacement hysteresis phenomenon of the STMR damper is caused by the subitem f p of the hysteretic force; therefore, in combination with (5), the hysteretic force can be expressed as
where F i (f p ) (i � 1, 2, 3, 4) represents the function of f p and F
−1
i (f p ) means the inverse function of F i (f p ). Furthermore, u + and u − , respectively, refer to the lagging displacement produced in the positive and negative directions of the equilibrium position. In the testing process, the upward of the balanced position is positive, while the downward of the balanced position is negative. In a cycle, once the peak and valley values of the displacement are equal and the lagging displacement of the positive and negative directions reaches equivalence, the hysteresis curve presents the symmetric characteristic. Besides, when n � 1 and β � c, (5) can be simplified to 
erefore, according to (8) and (14), the damping force of the STMR damper can be ultimately expressed as Advances in Materials Science and Engineering As a result, the sti ness coe cients k 1 and k 3 , the damping coe cient c, and the ratio coe cient λ are expanded from (9)-(12), respectively.
Marquardt algorithm was adopted to carry out the parameter identi cation on the damping mechanical model of the STMR damper. Low frequency and small displacement experimental data were selected, among which the excitation frequency was 0.1 Hz, the amplitude was 5 mm, and the current input was 0 A, 1 A, 2 A, and 3 A, respectively. From the experimental data, it can be perceived that the lagging displacement in both positive and negative directions is 2 mm, whereas 14 parameters based on the symmetric dynamic hysteretic mechanical model were identi ed. e identi cation results are listed in Table 5 . Figure 12 displays the comparison between the dynamic hysteresis experimental curves of the STMR damper and the model hysteresis curve acquired by parameter identi cation, presenting that the model curve stands in good agreement with the experimental data, which further validates the correctness of the multiparameter and symmetric dynamic hysteretic model, and indicates that the method of parameter identi cation is e ective.
Conclusions
In this work, a novel STMR damper with rate sensitive characteristic (speed locking) and semiactive controlling property was designed and fabricated based on multifunctional composite MRSPs. Both the mechanical properties of MRSPs and the STMR damper were experimentally investigated. Firstly, the MRSP 5 and MRSP 0 samples exhibited the best magnetorheological e ect and relative shear sti ening e ect, respectively, which were chosen as the llers of the main cylinder and accessory cylinder. Secondly, through slow and fast experiments, the STMR damper presented an obvious rate sensitive property and realized the speed locking function in a short time and distance when external excitation rate was fast enough. Besides, dynamic experiment results indicated that the damping force of the STMR damper could be controlled by the excitation frequency and the applied magnetic eld. Finally, a multiparameter and symmetry hysteretic model was proposed to describe the dynamic hysteretic behavior of the STMR damper, which agreed well with the experimental data. e relationship between the model curve and experimental data of the STMR damper.
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